The RGS9⅐G␤5 complex is the key regulator of neuronal G-protein signaling and shows remarkable selectivity of subunit composition. In retinal photoreceptors, RGS9⅐G␤5 is bound to the membrane anchor R9AP and the complex regulates visual signaling. In the basal ganglia neurons, RGS9⅐G␤5 is instead associated with a homologous protein, R7BP, and regulates reward circuit. Switching this selective subunit composition of the complex in rod photoreceptors allowed us to study the molecular underpinning of signaling specificity in diverse G-protein pathways. We have found that both membrane anchoring subunits play a conserved role in regulating protein levels of RGS9⅐G␤5 and enhancing the ability of RGS⅐G␤5 complexes to stimulate GTPase activity of G proteins. However, notable differences exist in the subcellular targeting of alternatively configured complexes. Unlike R9AP, which relies on passive targeting mechanisms for the delivery to the outer segments of the photoreceptors, R7BP is excluded from this location and is instead specifically targeted to the plasma membrane. R7BP-containing complexes could be rerouted to the outer segments, where they are capable of regulating the phototransduction cascade by the active targeting signals derived from rhodopsin. These findings illustrate the diversity of the G-protein signaling regulation by RGS⅐G␤5 complexes achieved by differential recruitment of the membrane anchors.
Introduction
The R7 family of regulators of G-protein signaling proteins (R7 RGS) plays pivotal roles in controlling several fundamental neuronal processes (such as vision, nociception, and locomotion) in mammals (Anderson et al., 2009) . The four members of the family, RGS6, RGS7, RGS9, and RGS11, are enriched in neurons where they facilitate termination of the G-protein-coupled receptor responses by accelerating the GTPase activity of the ␣ subunits of the Gi/o proteins (Hooks et al., 2003) . All R7 RGSs are multidomain proteins that form obligate complexes with G␤5, an atypical G-protein ␤ subunit (Sondek and Siderovski, 2001) . Recent studies indicate that R7 RGS⅐G␤5 dimers associate with two proteins: RGS9 anchor protein (R9AP) and R7 family binding protein (R7BP) (Hu and Wensel, 2002; Drenan et al., 2005; Martemyanov et al., 2005) . Interestingly, R7BP and R9AP show essentially nonoverlapping expression patterns that result in differential composition of the RGS complexes with either R7BP or R9AP (Hu and Wensel, 2002; Song et al., 2007; Grabowska et al., 2008; Cao et al., 2009 ).
The most vivid example of the alternative complex configuration is presented by RGS9, which is highly enriched in retinal photoreceptors and striatal neurons (Martemyanov and Arshavsky, 2009; Traynor et al., 2009) . In photoreceptors, RGS9-1⅐G␤5 complexes with R9AP and determines the duration of the light responses by regulating the lifetime of G-protein transducin in a phototransduction cascade that relays signals from the lightactivated receptor rhodopsin (Chen et al., 2000; Krispel et al., 2006) . In the striatal neurons, RGS9-2⅐G␤5 is instead bound to R7BP and controls signaling via -opioid and D2 dopamine receptors that mediate reward processing and motor control Zachariou et al., 2003; Kovoor et al., 2005; Blundell et al., 2008) . Elimination of RGS9-1 (Chen et al., 2000) or disrupting its complex formation with R9AP (Keresztes et al., 2004) profoundly prolongs the recovery of photoreceptors from light excitation and results in the loss of temporal resolution (Nishiguchi et al., 2004) . Similarly, disruption of RGS9-2 or R7BP substantially enhances the sensitivity of the D2 and -opioid receptors to stimulation by addictive drugs Zachariou et al., 2003) , causes marked motor coordination deficits (Blundell et al., 2008) , and is thought to exacerbate the development of dyskinesias (Kovoor et al., 2005; Gold et al., 2007) .
Both R9AP and R7BP play pivotal roles in localization of RGS9⅐G␤5 complexes and protecting them from rapid proteolytic degradation in their respective cells (Jayaraman et al., 2009; Martemyanov and Arshavsky, 2009 ). However, the significance of differential complex composition based on recruitment of the alternative anchoring subunits R7BP or R9AP remains unknown. Furthermore, it is unknown whether R7BP and R9AP provide differential contribution to the regulation of the diverse G-protein pathways controlled by RGS9⅐G␤5 complexes. In this study, we used photoreceptor cells as a well studied model to directly compare the expression, subcellular targeting, and functional regulation of RGS9⅐G␤5 complexes containing either R7BP or R9AP subunits in vivo in the context of the physiologically well defined phototransduction cascade of the rod photoreceptors.
Materials and Methods
Antibodies, DNA constructs and mouse strains. Generation of rabbit anti-R9AP (against amino acids 144-223) and sheep anti-RGS9c (Makino et al., 1999) antibodies was described previously. Rabbit anti-G␤5 and rabbit anti-R7BP antibodies were gifts from Dr. William Simonds [National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health (NIH), Bethesda, MD]. Mouse monoclonal anti-␤-actin (clone AC-15; Sigma), rabbit anti-G␣t1 (K20; Santa Cruz Biotechnology) were purchased.
Generation and characterization of mouse knock-out strains with targeted disruption of R9AP (R9AP Ϫ/Ϫ ) and RGS9 (RGS9 Ϫ/Ϫ ) (Chen et al., 2000) was described previously. For the generation of R7BP transgenic mice, the coding region of mouse R7BP gene was placed immediately after 4.4 kb mouse rhodopsin promoter (Lem et al., 1991) . Following pronuclear injections into oocytes derived from C57BL/6ϫSJL mice, transgenic-positive founders were crossed with R9AP Ϫ/Ϫ mice. R7BP/rhodopsin chimera containing N-terminal portion of R7BP (amino acids 1-241) and C-terminal sequence of mouse rhodopsin (amino acids 312-348), and R7BP/R9AP chimera containing N-terminal portion of R7BP (amino acids 1-241) and C-terminal transmembrane segment of mouse R9AP (amino acids 220-237) were generated by overlap extension PCR strategy. Transgenic-negative littermates were used as controls in all experiments. Procedures involving mice strictly followed NIH guidelines and were approved by IUCUC committees at the University of Minnesota, Minneapolis, MN and Washington University in St. Louis, St. Louis, MO.
Western blotting and immunoprecipitation. Immunoprecipitation of RGS9 from retinas was performed essentially as described previously (Song et al., 2007) . Whole retinas were lysed in PBS (Invitrogen) supplemented with 150 mM NaCl, 1% Triton X-100 and complete protease inhibitor tablets (Roche) by sonication on ice. Cleared lysates were incubated with sheep anti-RGS9-1 antibodies and 20 l of 50% protein G beads (GE Healthcare) for 1 h at 4°C. Total protein concentration in samples was measured by BCA assay (Pierce). After three washes with ice-cold binding buffer, proteins bound to the beads were eluted with SDS-sample buffer (62 mM Tris, 10% glycerol, 2% SDS, 5% ␤-ME) and analyzed by 4 -20% PAGE (Lonza). Protein bands were transferred onto polyvinylidene difluoride membrane and subjected to Western blot analysis using HRP-conjugated secondary antibodies and ECL West Pico (Pierce) detection system. For the quantitative analysis, Western blotting was performed with IRDye 680-and IRDye 800-labeled secondary antibodies and the signal was detected by Odyssey infrared imaging system (LI-COR Biosciences).
Immunohistochemistry. Dissected eyecups were fixed for 15 min in paraformaldehyde (4% in PBS), cryoprotected with 30% sucrose in PBS for 2 h at room temperature, and embedded in OCT. Frozen sections (12 m) were obtained and blocked in PT1 (1ϫPBS with 0.1% Triton and 10% goat serum) for 1 h and incubated with primary antibody in PT2 (1ϫPBS with 0.1% Triton and 2% goat serum) for 1 h, washed four times with PT2, and incubated with Alexa 488-conjugated secondary antibodies in PT2 for 1 h. For R9AP/R7BP double staining, R7BP primary antibodies were directly labeled with Dylight 549 using Microscale antibody labeling kit (Thermo Scientific) as previously described (Cao et al., 2008) . Images were taken by the Olympus Fluoview 1000 confocal microscope.
Single-cell electrophysiology. Mouse rod outer segment membrane currents were recorded as described previously (Shi et al., 2007) . Briefly, 2-3 months old animals were dark-adapted overnight, killed by CO 2 asphyxiation, and retinas were removed under infrared illumination. A single rod outer segment was drawn into a glass microelectrode filled with solution containing the following (in mM): 140 NaCl, 3.6 KCl, 2.4 MgCl 2 , 1.2 CaCl 2 , 3 HEPES, pH 7.4, 0.02 EDTA, and 10 glucose. Cells were perfused with solution containing the following (in mM): 112.5 NaCl, 3.6 KCl, 2.4 MgCl 2 , 1.2 CaCl 2 , 10 HEPES, pH 7.4, 20 NaHCO 3 , 3 Na succinate, 0.5 Na glutamate, 0.02 EDTA, and 10 glucose. The perfusion solu-tion was continuously bubbled with 95% O 2 /5% CO 2 mixture and heated to 37-38°C.
Light stimulation was applied by 20 ms test flashes of calibrated 500 nm light. Photoresponses were amplified, low-pass filtered at 30 Hz (8pole Bessel), digitized at 1 kHz, and stored on a computer for further analysis. Half-saturating light intensity (I 1/2 ) was calculated from the intensity-response relation for each cell as the test flash intensity required to produce a response with an amplitude equal to half of the corresponding saturated response. Integration time was calculated as the time integral of the dim flash response with the transient peak amplitude normalized to unity. Time constant of the dim flash response recovery ( rec ) was derived from single-exponential fit to the falling phase of the response. Dominant recovery time constant ( D ) was determined from supersaturating flashes as described previously (Pepperberg et al., 1992) . The time in saturation was defined as the time between the midpoint of the flash and the point at which photocurrent recovered by 20%. Data were analyzed using ClampFit 10.2 and Origin 7.5 software. Data were analyzed using independent two-tailed Student's t test, with accepted significance level of p Ͻ 0.05, and expressed as mean Ϯ SEM.
Protein and membrane preparations. Purification of RGS7⅐G␤5S and RGS9-1⅐G␤5L following the expression in Sf9/baculovirus system was described previously (Skiba et al., 2001; Martemyanov et al., 2005) . Protein purity was at least 50% as judged by Coomasie staining of the gels. The G␣ o ␤ 1 ␥ 2 heterotrimer was expressed and purified as described previously (Masuho et al., 2010) . Isolation of bovine V8-urea-treated rod outer segment membranes (Lishko et al., 2002) and insect cell membranes (Masuho et al., 2010) was also described. Sf9 membranes containing recombinant R7BP were purified following baculovirus-mediated expression of R7BP chimera supplemented with R9AP transmembrane segment [R7BP(R9APCT)].
Mouse ROS disc membranes were prepared following procedure described by Tsang et al. (1998) . The retinas were snap frozen with liquid nitrogen and stored at Ϫ80°C until use. Mouse ROS were isolated in Ringer's solution containing the following (in mM):130 NaCl, 3.6 KCl, 2.4 MgCl 2 , 1.2 CaCl 2 , 10 HEPES with NaOH, pH 7.4, 0.02 EDTA, and complete protease inhibitor mixture (Roche), and ionic strength was adjusted to 313 mOsm. Before conducting GTPase assays, ROS were resuspended in 45 l of water following adjustment of osmolarity by adding 5 l of a 10ϫ GTPase buffer containing 1 M NaCl, 80 mM MgCl 2 , 100 mM Tris with HCl, pH 7.8. The ROS were snap frozen with liquid nitrogen and stored at Ϫ80°C. All procedures were performed under dim red light illumination.
GTPase assays. Single-turnover GTPase assays using mouse ROS were performed as described previously (Tsang et al., 1998) , with minor modifications. Briefly, GTPase reaction was started by mixing bleached ROS (14 l) containing 37.5 M rhodopsin with 7 l of 0.6 M [␥-32 P]GTP, and the time course of 32 Pi (Pi, inorganic phosphate) formation was determined by the activated charcoal assay after the samples were quenched with perchloric acid.
Single-turnover GTPase assays using bovine uROS and recombinant proteins were conducted as described previously . Assays were performed at room temperature in GTPase buffer (10 mM Tris-HCl pH 7.4, 250 mM NaCl, 8 mM MgCl, and 1 mM DTT). Final concentrations in the reactions were 20 M rhodopsin, 1.0 M G␣ o ␤ 1 ␥ 2 heterotrimer, 50 nM RGS7⅐G␤5, and 5 mg/ml Sf9 or R7BP membrane preparations. The reaction was stopped by the addition of 100 l of 6% perchloric acid. Phosphate released from hydrolyzed GTP was determined by activated charcoal assay (Cowan et al., 2000) . Control experiments were performed to ensure that single turnover conditions are maintained and that GDP/GTP exchange is not limiting the GTP hydrolysis (Cowan et al., 2000; Martemyanov and Arshavsky, 2004) .
Results

Transgenic expression of R7BP in rod photoreceptors provides an alternative subunit for the association with RGS9-1⅐G␤5 complex
Previous studies have established that R7BP is not present in the photoreceptors and thus RGS9-1⅐G␤5 complex in these neurons is associated solely with R9AP (Song et al., 2007) . To study the behavior of RGS9-1⅐G␤5 when both membrane targeting subunits are available for binding in the same cell, we have transgenically expressed R7BP in rod photoreceptors of the mouse. The expression was driven by the 4.4 kb mouse rhodopsin promoter ( Fig. 1 A) that resulted in selective targeting of rods, as demonstrated by immunohistochemical analysis (Fig. 1 B) . Transgenic expression did not affect overall retinal morphology and no signs of degenerative changes were evident ( Fig. 1 A) . Two independent lines with varying degrees of R7BP expression were generated. In both lines, the levels of R7BP in photoreceptors were substantially above the levels of endogenous protein, which is normally found in the inner retina. Analysis of protein expression by quantitative Western blotting revealed that R7BP content in low-[TgR7BP(L)] and high-[TgR7BP(H)] expressing lines was increased ϳ3and 13-fold above the endogenous levels in the inner retina, respectively ( Fig. 1C,D) . Importantly, transgenic expression of R7BP resulted in the concomitant elevation in the levels of both RGS9-1 and long-splice isoform of G␤5. This observation leads to the conclusion that levels of transgenic R7BP are comparable to the levels of endogenous R9AP and that R7BP provides further proteolytic protection to the RGS9-1⅐G␤5 complex.
Direct analysis of the complex formation by immunoprecipitation assays revealed that RGS9-1⅐G␤5 readily forms complexes with transgenic R7BP (Fig. 2 A) . Furthermore, increase in the concentration of R7BP in the rods caused progressive decline in the ability of RGS9-1 to coprecipitate with R9AP, indicating that, in transgenic rods, two membrane anchors compete for the RGS9-1⅐G␤5 binding. Indeed, quantitative analysis of the complex composition revealed that, despite unaltered concentration of R9AP, most of the RGS9-1⅐G␤5 exists in complex with R7BP ( Fig. 2 B) .
R9AP and R7BP demonstrate nonoverlapping, subcellular localization patterns
Examination of transgenic R7BP localization in photoreceptors by immunostaining demonstrated that it is found throughout the cell body and is present in axonal terminals but appears to be completely excluded from the outer segments, a ciliary compartment harboring the components of the phototransduction cascade (Fig. 3A) . In contrast, as previously documented (Hu and Wensel, 2002; Martemyanov et al., 2003) , R9AP is exclusively seen in photoreceptor outer segments. Analysis of R7BP and R9AP distribution by dual immunolabeling confirmed a nonoverlapping localization of the two membrane anchors in rods (Fig. 3A) . Examination of R7BP localization at higher magnification detected its association with the plasma membranes of the cells, which was particularly evident in the inner segments ( Fig.  3B ). Interestingly, we found no evidence for the presence of R7BP in the nucleus ( Fig. 3 A, B) , a presumed alternative localization site of R7BP (Drenan et al., 2005; Song et al., 2006; Panicker et al., 2010) . Together, these findings indicate that, despite their homologous nature and conserved complex formation with RGS9-1⅐G␤5, R7BP and R9AP exhibit very different localization patterns in a model neuronal cell-the rod photoreceptor.
Transgenic replacement of R7BP for R9AP rescues RGS9-1⅐G␤5 expression but mistargets the complex
The expression of RGS9-⅐G␤5 has been shown to be dependent on R9AP as no detectable RGS9-1 is found in the absence of R9AP (Keresztes et al., 2004) . Elevation of the RGS9-1⅐G␤5 levels in R7BP transgenic animals (Fig. 1C,D) suggests that R7BP can replace R9AP in providing proteolytic protection to the complex. To test this possibility, we out-bred the transgenic lines into the R9AP Ϫ/Ϫ background. As previously reported, we found no RGS9-1 present in the retinas of R9AP Ϫ/Ϫ mice ( Fig. 4 A) . However, transgenic introduction of R7BP into rods of R9AP Ϫ/Ϫ resulted in the complete restoration of RGS9-1 expression in retinas of the high expressor line and ϳ50% recovery in the transgenic line expressing lower amounts of R7BP ( Fig. 4 B) . This result indicates that R7BP can effectively substitute for R9AP in protecting RGS9-1⅐G␤5 complex from proteolytic degradation. We next analyzed the effect of the transgenic substitution on the localization of RGS9-1 in the photoreceptors. Consistent with the differential targeting of R7BP and R9AP and their competition for RGS9-1 binding, we found that expression of R7BP delocalizes a substantial fraction of RGS9-1 away from the outer segments ( Fig. 4C ). Furthermore, in the retinas of R9AP Ϫ/Ϫ mice when only R7BP is present in the photoreceptors, no RGS9-1 can be found in the outer segments, indicating targeting of RGS9-1 complex in the cell is entirely dependent on its association with its membrane anchors (Fig. 4C) .
The C-terminal sequence from rhodopsin, but not from R9AP, provides R7BP with an outer segment targeting signal Our results indicate that, despite structural similarity to R9AP, which is resident to the outer segments, R7BP is excluded from this location. To gain insight into the mechanisms of selective protein targeting in the photoreceptors, we have performed sitedirected mutagenesis aimed at altering the subcellular destination of R7BP. The C terminus of R7BP was replaced by the C-terminal transmembrane domain of R9AP, which can passively promote outer segment localization (Baker et al., 2008) , or C-terminal sequence of rhodopsin, which contains an active outer segment targeting signal (Tam et al., 2000; Deretic et al., 2005) . The resulting constructs (Fig. 5A ) were used to generate transgenic mice. Examination of the chimeric R7BP mutant's localization patterns in transgenic retinas revealed that the transmembrane segment from R9AP did not significantly change the targeting of R7BP [TgR7BP(R9APCT)], which was still essentially excluded from the outer segments (Fig. 5B) . In contrast, when supplemented with the C terminus of rhodopsin, a significant fraction of R7BP [TgR7BP(RhoCT)] was found to be present in the outer segments, where it was colocalized with R9AP ( Fig. 5B ; supplemental Fig. 1 , available at www. jneurosci.org as supplemental material). Notably, we have observed that R7BP(RhoCT) protein was distributed in a gradient fashion with most of the protein being concentrated within basal ϳ1/3 of the outer segment and its concentration gradually declining toward the distal end of the cell (supplemental Fig. 1 and supplemental movie, available at www.jneurosci.org as supplemental material). Within this basal portion, R7BP (RhoCT) protein was found to reside primarily in the center of the outer segment rather than at the periphery, indicative of its location on the photoreceptor disc membranes as opposed to the plasma membrane (supplemental Fig. 1 , available at www. jneurosci.org as supplemental material).
We next out-bred the transgenic animals onto the R9AP Ϫ/Ϫ background to study the effects on expression and targeting of the RGS9-1 complex. Both mutant R7BP transgenes were able to provide proteolytic protection to RGS9-1⅐G␤5 complex, as evident by the restoration of RGS9-1 expression ( Fig. 5C ). Consistent with the localization of mutant R7BP, we found that no RGS9-1 was delivered to the outer segments in transgenic mice expressing R7BP(R9APCT) construct (Fig. 5D ). At the same time, substantial fraction of RGS9-1 could be found in the outer segments of the R7BP(RhoCT) rods (Fig. 5D ).
To quantitatively assess the targeting of the RGS9-1 complex in transgenic photoreceptors, we purified rod outer segments and compared RGS9-1 content between preparations obtained from wild-type and R7BP(RhoCT) transgenic retinas. A standard curve with recombinant RGS9-1⅐G␤5 complex spiked into rod outer segment preparations derived from RGS9 Ϫ/Ϫ retinas was used to correct for the nonlinearity of RGS9-1 detection by Western blotting . Analysis of the data presented in Figure 5E indicates that outer segments of R7BP(RhoCT) rods contain approximately eight times less RGS9-1 compared with wild-type rod outer segments (1.6 Ϯ 0.2 fmol vs 12.7 Ϯ 2.8 fmol per 1 pmol of rhodopsin, respectively; n ϭ 2, errors represent a range of the experimental variability). We therefore conclude that, al- though rhodopsin C-terminal sequence can clearly target R7BP-RGS9-1⅐G␤5 complex to the outer segments, it does not completely override the plasma membrane targeting signals intrinsic to R7BP.
Regulation of phototransduction by the RGS9-1⅐G␤5⅐R7BP complex
Successful targeting of a portion of R7BP to the outer segments of rods permitted us to address the consequences of R7BP expression on the regulation of the phototransduction cascade. We used single-cell suction electrode recordings to compare the responses of R7BP-RhoCT (R9AP Ϫ/Ϫ ) transgenic rods to those of the transgenic-negative R9AP Ϫ/Ϫ littermates. Examination of response parameters (Table 1 ) reveals no significant difference between genotypes in the rising phases of the responses as well as the light sensitivity, defined as the half-saturating light intensity (I 1/2 ). Several studies documented that elimination of either of the components of RGS9-1⅐G␤5⅐R9AP complex in mouse rods severely delays the falling phase of the photoresponse, reflecting slower phototransduction inactivation in the absence of the GAP activity (Chen et al., 2000; Krispel et al., 2003; Keresztes et al., 2004; Pugh, 2006) . Indeed, we observed very slow deactivation kinetics in transgenic-negative (R9AP Ϫ/Ϫ ) photoreceptors ( Fig.  6 A) , in complete agreement with previously published observations. Since the deactivation phase of the response is very sensitive to changes in the expression level of the RGS9-1 complex (Burns and Pugh, 2009), we next performed a detailed analysis of both dim flash and saturating response kinetics in R7BP(RhoCT) transgenic rods. We found that R7BP(RhoCT) rods showed a modest (ϳ15%) but statistically significant ( p Ͻ 0.01, t test) acceleration in the dim flash recovery time constant ( rec ) compared with their nontransgenic R9AP Ϫ/Ϫ littermates (Table 1 , Fig. 6C ). Furthermore, the dominant time constant of photoresponse recovery after a series of supersaturating flashes ( D ) (Fig.  6 D, Table 1 ) was also accelerated by ϳ23% ( p Ͻ 0.01, t test). Considering that R7BP transgenic photoreceptors contain only 12% of RGS9-1 content normally found in wild-type rod outer segments, these data indicate that RGS9-1⅐G␤5 complexed with R7BP is capable of accelerating the phototransduction inactivation.
Stimulation of the GAP activity of R7 RGS proteins on G␣ is a general mechanism of R7BP action
Speeding up the kinetics of photoresponse shutoff in R7BP(RhoCT) rods suggests that R7BP acts to promote the GAP activity of RGS9-1⅐G␤5 complex on transducin. To directly test this possibility, we performed single-turnover GTPase assay with rod outer segments purified from wild-type, R9AP Ϫ/Ϫ , and R7BP(RhoCT) transgenic retinas. We found that the rate of transducin GTPase activity was substantially slower in R9AP Ϫ/Ϫ preparations ( Fig. 7 A, B) . This decrease in the GTPase activity is of similar magnitude to that found in RGS9 Ϫ/Ϫ outer segment preparations (Chen et al., 2000) and is consistent with the lack of detectable RGS9-1 expression. At the same time, transducin GTPase rates were significantly higher in R7BP(RhoCT) compared with R9AP Ϫ/Ϫ preparations. Subtracting the rate of unstimulated GTPase activity observed in R9AP Ϫ/Ϫ preparations allowed us to calculate the GAP activity mediated by R9AP-containing complexes (wild-type preparations) to be 3.8 Ϯ 0.8 ϫ 10 Ϫ2 s Ϫ1 and the activity mediated by R7BP-containing complexes [R7BP(RhoCT) preparations] to be 9.9 Ϯ 2.5 ϫ 10 Ϫ3 s Ϫ1 . The lower GAP activity observed in R7BP-transgenic outer segments parallels lower expression level of RGS9-1 and slower termination kinetics in these rods. We therefore conclude that speeding up of the photoresponse deactivation upon expression of R7BP is directly attributed to the ability of the RGS9-1⅐G␤5⅐R7BP complex to facilitate the GTPase activity of transducin.
R7BP is naturally expressed throughout the nervous system (Martemyanov et al., 2005; Grabowska et al., 2008) where, in addition to RGS9-1, it forms complexes with other R7 RGS proteins (Drenan et al., 2005; Martemyanov et al., 2005) that regulate the activity of G-proteins other than transducin. Thus, we investigated whether stimulation of the GAP activity of RGS proteins could be a general action of R7BP. This question was addressed by studying the effects of R7BP on the GAP activity of RGS7⅐G␤5, a ubiquitously expressed homolog of RGS9, toward G␣ o . In an in vitro reconstituted system, the ability of RGS7⅐G␤5 to stimulate G␣ o GTP hydrolysis was found to be threefold higher in the membrane preparations reconstituted with R7BP ( Fig. 7C,D) . These observations suggest that R7BP is a general regulator of R7 RGS GAP activity in addition to its roles in mediating protein targeting and proteolytic stabilization.
Discussion
In the current study, we have examined the impact of altering the membrane-anchoring subunits R7BP and R9AP on the expression, subcellular localization, and activity regulation of a key G-protein signaling regulator, RGS9-1, in the in vivo model of mammalian rod photoreceptors. The results of the study allow us to draw several important conclusions about the mechanisms of G-protein signaling regulation and subcellular protein targeting in polarized cells.
Membrane anchors and catalytic activity of R7 RGS proteins
Earlier studies with the retina-specific membrane anchor R9AP indicated that it is involved in modulating the ability of the RGS9-1⅐G␤5 complex to stimulate transducin GTPase (Lishko et al., 2002; Hu et al., 2003) . A more recent study provided evidence that R9AP can additionally potentiate the activity of a related RGS protein, RGS11 on G␣ o (Masuho et al., 2010) . Given the widespread expression of R7 family members, and the fact that expression of R9AP is restricted to the retina, the critical question has been how the activity of R7 RGS proteins is regulated when R9AP is unavailable. Early clues were provided by the identification of the ubiquitously expressed R7BP, an R9AP homolog that forms complexes with all four R7 RGS proteins (Drenan et al., 2005; Martemyanov et al., 2005) and by demonstrating that R7BP can potentiate RGS7 action in terminating signaling from m2 receptors to GIRK channels (Drenan et al., 2006) . However, until this study, the mechanism of R7BP action on R7 RGS proteins had remained unresolved. Using direct biochemical measurements, we show that R7BP can potentiate the GAP activity of two R7 RGS proteins, RGS9-1⅐G␤5 and RGS7⅐G␤5, on their two G-protein substrates, G␣ t and G␣ o , respectively. This parallels . Constructs were used to generate transgenic mice. B, Localization of chimeric R7BP proteins in transgenic photoreceptors. Retinas were double stained for R7BP and R9AP. R9AP staining was used as a marker for the outer segments. Colocalization of proteins is revealed by yellow fluorescence when overlaying the green (R9AP) and red (R7BP) detection channels. Images were obtained by confocal microscopy. Scale bar is 10 m. C, Expression of chimeric R7BP constructs rescues RGS9-1 levels in R9AP Ϫ/Ϫ retinas. Protein expression was analyzed by Western blotting with indicated antibodies. D, RGS9-1 is delivered to the outer segments of R7BP(RhoCT) transgenic mice but remains primarily in the inner segments of R7BP(R9APCT) photoreceptors. Retina cross-sections were stained with the antibodies against RGS9-1 and fluorescence was detected by confocal microscopy. Scale bar is 10 m. E, Quantification of RGS9-1 content in the outer segments isolated from transgenic retinas by Western blotting. Varying amounts of purified recombinant RGS9-1⅐G␤5 protein were spiked into outer segments isolated from RGS9 Ϫ/Ϫ retinas (5 pmol of rhodopsin/lane) and RGS9-1 band intensities were determined by Western blotting in parallel with the outer segment samples obtained from transgenic and wild-type mice. Values obtained from recombinant RGS9-1 band intensities (open circles) were used to generate a standard curve. RGS9-1 band intensities from the samples in question: wild type (WT) and R7BP(RhoCT) were plotted on the calibration curve (closed circles) and used to determine RGS9-1 concentration. The experiment was performed two times. Error bars represent the scatter of the data. OS, Outer segment; IS, inner segment; ONL, outer nuclear layer; OPL, outer plexiform layer. previous studies with R9AP, which was shown to stimulate the activity of RGS9-1⅐G␤5 on G␣ t (Hu et al., 2003; Martemyanov et al., 2003; Baker et al., 2006) and RGS11⅐G␤5 on G␣ o (Masuho et al., 2010) . Thus, our findings indicate that stimulation of the GAP activity of the R7 RGS proteins is perhaps a universal mechanism of membrane-anchor action. The genetic substitution of R7BP for R9AP in mammalian rod photoreceptors allowed us to use the power of well established physiological approaches to measure the contribution of R7BP to the RGS activity regulation in the native environment. In rod photoreceptors, RGS9-1⅐G␤5 protein complex is a rate-limiting enzyme in the cascade of the termination reactions, leading to the recovery of the photoresponse from light excitation (Krispel et al., 2006) . As such, even subtle changes in activity and/or concentration of RGS9-1⅐G␤5 GAP complex are reflected in the shutoff kinetics (Burns and Arshavsky, 2005; Pugh, 2006) . Indeed, evaluation of mouse models with varying RGS9-1 concentration resulted in a quantitative model describing the relationship between RGS9-1 concentration and recovery constants D and rec (Burns and Pugh, 2009 ). Using this model, we estimate that the 0.125ϫ expression of RGS9-1⅐G␤5 in the rods of transgenic animals would be expected to result in a D value of ϳ2 s or ϳ80% speeding up of the photoresponse inactivation compared with rods lacking RGS9-1 complex. However, we found that R7BP expression results in only ϳ20% acceleration. This apparent lower activity of the R7BP-containing complexes might originate from their gradient distribution, which creates a situation where distal portions of the outer segments containing much lower amounts of the GAP complexes could dominate the recovery rates. Therefore, although our data clearly demonstrates that R7BP can functionally replace R9AP in contributing to the ability of the GAP complex to inactivate transducin signaling in photoreceptors, they fall short of quantitative comparisons of the catalytic activities of differentially composed complexes.
Mechanisms of RGS complex targeting in rod photoreceptors
Photoreceptor neurons represent a great model to study differential protein targeting in neurons where many signaling molecules are selectively delivered to various compartments (Deretic, 2006; Artemyev, 2008; Baker et al., 2008; Karan et al., 2008; Kizhatil et al., 2009) . Our findings provide another vivid example of proteins with mutually exclusive localization pattern in the cells. Surprisingly, despite the homology with R9AP, which is targeted to the outer segments, R7BP is strictly excluded from this compartment. Recent studies proposed that proteins containing transmembrane segments are indiscriminately targeted to the outer segments via a default pathway if they lack specific signals targeting them to other cellular destinations (Baker et al., 2008) . Since R7BP does not have a transmembrane segment, its failure to reach the outer segment was perhaps not surprising. However, the inability of the transmembrane domain derived from R9AP to alter the localization of R7BP indicates that it contains an active plasma membrane targeting signal. Such signal(s) can act in addition to membrane anchoring elements provided by the palmitoylated C-terminal cysteine residues to actively promote localization of the protein away from the disc membranes of the outer segments and toward an alternative destination: the plasma membrane of the cell. This signal is not contained within the C-terminal sequence consisting of the Ras-like motif of a polybasic stretch followed by a palmitoylated cysteine doublet, which was previously demonstrated to be very efficient at targeting R7BP to plasma membranes (Drenan et al., 2005; Song et al., 2006) , because replacement of this region by the transmembrane segment did not alter its plasma membrane localization and exclusion from the outer segment. We speculated that the targeting sequence is instead contained within the only other structural element of R7BP: the four-helical bundle that constitutes the RGS binding site. Interestingly, similar escape from the default pathway was described for the presynaptic protein syntaxin (Baker et al., 2008 ) that shares many common features with R7BP and R9AP, including the presence of the N-terminal four-helical bundle, suggesting that the presence of the specific sequences in this structural element could be responsible for dictating intracellular destinations of membrane anchors and similarly organized SNARE proteins.
In addition to passive targeting mechanisms, photoreceptor cells employ vesicular trafficking pathways for selective delivery of membrane proteins to the outer segments (Papermaster, 2002; Deretic, 2006) . These pathways involve recognition of specific targeting signals that direct sorting of constituent proteins to vesicles bound to the outer segment. Two classes of such signals have been identified in photoreceptor proteins. The V(I)xPx motif is present in opsins and retinol dehydrogenase (Tam et al., 2000; Luo et al., 2004) and the second is found in peripherin/RDS (Tam et al., 2004) . In this study, we show that V(I)xPx targeting signal contained within the C terminus of mouse rhodopsin is capable of rerouting R7BP to the outer segments. Notably, the C terminus of rhodopsin does not entirely switch localization of R7BP away from the plasma membrane but rather redistributes a significant portion of the protein to an alternative destination: the disc membranes of the outer segment. This observation suggests a nonexclusive mode of vesicular sorting in photoreceptors when two competing targeting signals can direct the same protein to multiple destinations in the polarized cells. It also suggests that separation of the protein localization between discs and plasma membrane compartments involves a sorting process that relies on the recognition of passive and active targeting signals in substrate proteins.
Interestingly, we find that most of the R7BP immunofluorescence in outer segments of R7BP(RhoCT) rods appear to be distributed in a gradient fashion with the higher concentration of the protein being present at the base of the structure. Similar observations were made with the proteins containing V(I)xPx motif and anchored to the membrane via palmitoylation (Tam et al., 2000; Luo et al., 2004) . Since no gradient distribution is observed for transmembrane R9AP or rhodopsin and because protein palmitoylation is known to be a highly labile modification, we think that gradient distribution of R7BP could be explained by previously suggested inefficient palmitoylation in the outer segments (Luo et al., 2004) . Proteins that loose palmitoyl moiety and have no other means of membrane attachment would become soluble and could be translocated back to the cell body and the inner segment by a passive diffusion mechanism described for transducin subunits (Calvert et al., 2006; Artemyev, 2008) .
Finally, the data allows us, for the first time, to unequivocally conclude that RGS9-1⅐G␤5 complex is not targeted independently, and that the action of membrane anchor R7BP or R9AP is both necessary and sufficient for determining its subcellular destination. A previous study showed that the deletion of the DEP domain in RGS9-1 that eliminates its binding to R9AP and R7BP also disrupts targeting of the truncated protein to the outer segments (Martemyanov et al., 2003) . However, the possibility remained that the elements necessary for the targeting are contained within the DEP domain itself. Therefore, by showing that RGS9-1⅐G␤5 complex can be competitively rerouted depending entirely on the identity of the membrane anchoring subunits, we establish the irreplaceable role of R7BP/R9AP in mediating RGS9-1 targeting in photo- Figure 7 . R7BP acts to stimulate the GAP activity of R7 RGS proteins. A, GTPase activities in transgenic rod outer segments. Single-turnover GTPase activities of transducin in ROS preparations from wild-type, R9AP Ϫ/Ϫ , and R7BP(RhoCT)::R9AP Ϫ/Ϫ transgenic animals were measured as described in Materials and Methods. B, The rate constants of transducin GTPase activity were determined by exponential fits of the data presented in A and plotted as bars. The resulting k app values were 0.078 Ϯ 0.007 s Ϫ1 for wild-type, 0.040 Ϯ 0.002 s Ϫ1 for R9AP Ϫ/Ϫ , and 0.050 Ϯ 0.001 s Ϫ1 for R7BP(RhoCT)::R9AP Ϫ/Ϫ . C, Effects of recombinant R7BP on RGS7⅐G␤5-stimulated GTPase activity of lipid-modified G␣ o . Single-turnover GTPase activity of recombinant G␣ o was measured by single-turnover assays. Intrinsic GTPase activities of G␣ o in the presence of either empty Sf9 cell membranes or membranes expressing R7BP(R9APCT) were indistinguishable. However, when the reaction was supplemented with RGS7⅐G␤5, GTPase activity was higher with the addition of the R7BP-containing membranes. Data were fitted with single exponents to derive the apparent rate constants (k app ). The k GAP values were obtained by subtracting the rates of the intrinsic GTPase activity of G␣o observed in the absence of RGS proteins and plotted in D. Error bars are means Ϯ SEM.
receptors. Together, these observations suggest that the identity of the membrane anchor reflects an adaptation of the GAP complex to effectively reach its unique intracellular destination in neurons to achieve efficient regulation of G-protein signaling.
